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Atrial ﬁbrillation ablationAbstract Introduction: Iatrogenic atrial tachyarrhythmias have increased with the widespread
application of left atrial ablative procedures to treat atrial ﬁbrillation.
Methods and results: Entrainment and activation mapping were utilized to study the mechanisms
of atrial ﬂutter in two patients who presented with atypical atrial ﬂutter after high intensity focused
ultrasound (HIFU) atrial ablation for persistent atrial ﬁbrillation during the course of concomitant
cardiac surgery. Case 1: Atrial ﬂutter with CL of 340 ms was demonstrated to be mediated by entry
into and exit from the partially isolated posterior left atrium (LA) with conduction delay across at
least one of the connections. The exit site was near the left superior pulmonary vein (LSPV) and the
entrance site was near the right inferior pulmonary vein (RIPV) as demonstrated by activation and
entrainment mapping. Case 2: Entrainment mapping was highly suggestive of inferior exit from the
HIFU ablation line between the two inferior pulmonary veins. Flutter terminated during
380 A. El-Damaty et al.trans-septal procedure and could not be re-induced. Activation mapping of the LA during pacing
revealed the inferior exit and left superior entrance site, both of which were successfully ablated,
isolating the posterior LA.
Conclusions: Re-entrant atrial ﬂutter post-HIFU epicor Maze is caused by slow conduction at
entry and exit sites from the otherwise isolated posterior LA wall. In both cases, gaps were found
close to the LSPV and RIPV which may reﬂect difﬁculty in achieving proper contact between the
HIFU device and the left atrial wall at these sites. These gaps are amenable to catheter ablation.
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In 1998, Haissaguerre et al. demonstrated that pulmonary vein
ectopics are the most important triggers initiating atrial ﬁbril-
lation especially in patients with the paroxysmal form of this
disorder.1 Since that time, different energy sources including
radiofrequency,2 microwave,3 laser,4 cryotherapy5 and high
intensity focused ultrasound (HIFU) have been developed
and tailored to encircle the pulmonary veins from either an
endocardial or epicardial approach. The technology using
therapeutic HIFU (St. Jude Medical, Inc, Minneapolis, MN)
consists of an array of ultrasonic transducers, applied to the
epicardial side of the left atrium (LA) encircling the base of
the pulmonary vein oriﬁces and delivering energy that creates
linear ablation lesions.6
The incidence of iatrogenic atrial tachyarrhythmias has
raised rapidly with the widespread practice of these LA surgi-
cal or catheter-based ablation procedures to treat atrial ﬁbril-
lation (AF). Although some groups have reported focal
mechanisms as the most common etiology,7 others have
reported macro-reentry as the most common mechanism.8
Slow conduction over gaps in previously performed ablation
lines (where conduction has recovered) is the most likely sub-
strate for these ﬂutter circuits. We report two cases of left atrial
ﬂutter following a left atrial surgical epicardial ablative proce-
dure for treatment of AF utilizing HIFU.
2. Methods
2.1. Patients’ characteristics
We studied two patients who presented with atypical atrial
ﬂutter. Both patients had previously undergone left atrial epi-
cardial ablation for treatment of persistent atrial ﬁbrillation
utilizing HIFU during the course of concomitant cardiac sur-
gery. The standard HIFU procedure described previously was
performed in both cases.9,10 Ablation was carried out using the
Epicor HIFU ablation system which consists of an array of
transducers (Ultracinch) positioned on the epicardium after
proper sizing around the four PVs, over the antral portion of
the LA wall to create a box lesion set that aims at isolating
the 4 PVs and the posterior LA. The transducer was ﬂushed
with saline prior to energy delivery. The automated energy
delivery setting was used on both cases for approximately
10 min. In both cases, no mitral isthmus line was performed
and acute isolation was not assessed. Case 1 is a 63 year-old
male who presented with dyspnea 6 months after mitral valve
repair for severe mitral regurgitation together with left atrial
appendectomy. Electrocardiogram (ECG) showed atrial ﬂutter
with 2:1 AV conduction. Flutter wave morphology waspositive in the inferior leads and in V1, and negative in leads
I and AVL with a cycle length of 340 ms (Fig. 1). Trans-tho-
racic echocardiography (TTE) showed moderate impairment
of left ventricular systolic function. He was maintained on
Amiodarone and warfarin targeting therapeutic INR (2–3).
Case 2 is a 67 year-old hypertensive patient who presented
with palpitations and dyspnea one year after he underwent
3-vessel coronary artery bypass grafting with HIFU left atrial
ablation. He was cardioverted several times for highly symp-
tomatic atrial ﬂutter episodes with rapid ventricular response
despite beta-blockade. ECG showed atrial ﬂutter with variable
AV block and voltage criteria of left ventricular hypertrophy
(LVH). Flutter wave morphology was negative in the inferior
limb leads and in lead I, isoelectric in AVL and positive in
V1 with a cycle length of 260 ms (Fig. 2). TTE showed moder-
ate concentric LVH, basal inferior hypokinesis and mild reduc-
tion of the global left ventricular systolic function. He was
maintained on antiischemic measures including B-blockers in
addition to Amiodarone and warfarin targeting therapeutic
INR. In both patients, a trans-esophageal echocardiography
ruled out left atrial thrombus.
2.2. Electrophysiology studies
After informed consent, the patients underwent electrophysiol-
ogy studies in the fasting state under conscious sedation. Mul-
tipolar electrode catheters were inserted into the femoral veins.
A quadripolar catheter was advanced to the right ventricular
apex. A deﬂectable Multipole catheter (Duodecapolar cathe-
ter) was placed with its distal end in the coronary sinus (CS)
and its proximal part overlying the cavo-tricuspid isthmus
(CTI) and the lateral right atrial free wall. An irrigated
3.5 mm tip deﬂectable catheter with a three-dimensional map-
ping system was used for mapping [Ensite-Navx (St. Jude
Medical, Inc, Minneapolis, MN) for the ﬁrst case and Carto
XP (Biosense Webster, Diamond Bar, CA, USA) for the sec-
ond case]. Bipolar intra-cardiac electrograms were ﬁltered
between 30 and 500 Hz and stored on a multichannel recorder
(The Prucka, Cardiolab, GE, Inc.).
3. Results
Case 1: The atrial ﬂutter cycle length was 340 ms. Entrainment
mapping from the high right atrium (HRA), cavo-tricuspid
isthmus (CTI), proximal, middle, and distal CS resulted in
out-of-circuit responses [post-pacing interval (PPI) was much
greater than tachycardia cycle length (TCL)]. Entrainment
from the mid-posterior right atrial septum showed a PPI–
TCL of 20 ms. Mapping of the RA revealed activation propa-
gating from the superior septum, consistent with activation
Figure 2 Twelve-lead electrocardiogram in atrial ﬂutter with variable AV block. Flutter wave morphology was negative in the inferior
limb leads and in lead I, isoelectric in AVL and positive in V1 with a cycle length of 260 ms.
Figure 1 Twelve-lead electrocardiogram in atrial ﬂutter with 2:1 AV conduction. Flutter wave morphology was positive in the inferior
leads and in V1, and negative in leads I and AVL with a cycle length of 340 ms.
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performed under rotational intracardiac echocardiographic
guidance (VIVID-I, GE). A deﬂectable mapping and ablation
catheter was introduced to the LA and an activation map of
the LA was created during atrial ﬂutter using the Ensite-Navx
system.
The anterior left atrium was activated via radial spread
from an earliest site close to the anterior margin of the left
superior pulmonary vein (LSPV). The electrogram at this site
was a long fractionated signal. Mapping along a line separat-
ing the anterior from the posterior left atrium revealed double
potentials which progressively narrowed to become continuous
at the site of the earliest anterior atrial electrogram, suggesting
a gap in the line of surgical ablation created by the HIFU
device (Fig. 3, Panel A). Entrainment from this site showed
no change in intracardiac electrogram morphology or activa-
tion sequence and stimulus to N+1 electrogram interval
exactly matched the electrogram to N+1 electrogram inter-
val11 (Fig. 4). Entrainment from the posterior wall (behind
the surgical ablation line) showed no change in surface ﬂutter
wave morphology or intracardiac electrogram morphology
(concealed fusion) and revealed a PPI that matched the
TCL. Irrigated radiofrequency (RF) was delivered at the site
of the fractionated electrogram and resulted in termination
of the ﬂutter.
Mapping of the posterior wall during CS pacing showed
that it was still not isolated and that it was activated from cau-
dal to cranial. A line of double potentials corresponding to the
ablation line below the two inferior veins was mapped belowthe left inferior pulmonary vein (LIPV) but appeared to be
interrupted by a large gap that extended from the mid poster-
ior wall to the right inferior pulmonary vein (RIPV) (Fig. 3,
Panel B). A series of RF applications were delivered across
the gap, resulting in entrance block to the whole posterior wall
(Fig. 5, Panel A). Pacing in the posterior left atrium was per-
formed to prove exit block, however, local capture could not
be demonstrated.
Case 2: The atrial ﬂutter cycle length was 400 ms at the
time of the procedure. This ﬂutter had the same morphology
as that recorded in the surface ECG at presentation. The dis-
crepancy in the cycle length could be explained by prolonga-
tion of the TCL in response to B-blockers and Amiodarone
as the procedure was performed few weeks after the time of
presentation. The multipole catheter in the CS demonstrated
earliest activation in the mid-coronary sinus with radial
spread proximally and distally (Fig. 6). Entrainment from
both the HRA and CTI resulted in long post-pacing intervals
(exceeding TCL). Entrainment from the mid CS showed a
PPI that matched the TCL, while entrainment from the distal
CS had a longer PPI. A double transseptal puncture was per-
formed through which a deﬂectable mapping and ablation
catheter and a circular mapping catheter were introduced to
the LA. During the transseptal procedure, the ﬂutter
terminated and after which it could not be re-induced despite
rapid burst atrial pacing from multiple sites including the
posterior LA.
Mapping in the posterior LA demonstrated a line of double
potentials that was thought to represent the line of ablation
Figure 3 Activation map of the left atrium during ﬂutter (Panel A) demonstrating the ﬂutter exit from the partially isolated posterior LA
with conduction delay. Activation map during CS pacing (Panel B) demonstrating a large gap in the inferior HIFU ablation line (Black
line) extended from the mid posterior wall to the RIPV.
Figure 4 Entrainment from long fractionated signal close to the LSPV showed no change in intracardiac electrogram morphology or
activation sequence and stimulus to N+1 electrogram interval exactly matched the electrogram to N+1 electrogram interval.
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that the posterior LA was not isolated, but rather was activated
caudal-cranially. Mapping of the line of double potentials dur-
ing CS pacing revealed a gap in the line below the right inferior
pulmonary vein (RIPV) as evidenced by a long fractionated
potential recorded at that site, and activation of the posterior
left atrium spreading radially from that site (Fig. 7, Panel A).
RF application at this site resulted in block of conduction across
this gap. Thereafter, the posterior left atrium was still notisolated, but activation of the posterior left atrium was cra-
nial-caudal, spreading from another gap close to the LSPV
(Fig 7, Panel B). RF application at this spot resulted in entrance
block to the whole posterior LA and the four pulmonary veins
(Fig. 5, Panel B). Pacing in the posterior LA at 450 ms using
the circular mapping catheter captured the local atrial myocar-
dium with exit block to the rest of the atrium (Fig. 8). Dissoci-
ated activity in the posterior LA was also noted. Flutter
remained non-inducible.
Figure 6 Atrial ﬂutter with a CL of 400 ms. The multipole catheter in the CS demonstrated earliest activation in the mid-coronary sinus
with radial spread proximally and distally.
Figure 5 Voltage map of the LA in case 1 (Panel A) and in case 2 (Panel B). Both showing isolation of the posterior wall including the
pulmonary veins after catheter ablation of the superior and inferior gaps.
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The safety and the efﬁcacy of HIFU circumferential ablation
as an alternative to the classic surgical Maze have been previ-
ously reported. In a European multicentre study that enrolled
103 patients, 85% were free from AF at 6 months with no inci-
dence of left atrial ﬂutter.12 Groh et al. studied 98 patients who
underwent HIFU for AF with concomitant cardiac surgeryand reported freedom of AF and left atrial re-entry in 84%
at 6 months follow-up and 85% at 12 months.6 In a series of
14 similar patients, Mitnovetski et al. reported freedom of
AF and left atrial tachycardia in 77% at 9 months follow-up
period.13 Klinkenberg et al. reported 15 patients who had
HIFU ablation for lone atrial ﬁbrillation resistant to medical
treatment by a minimally invasive video-assisted thoracic sur-
gery. At 6 months, sinus rhythm was achieved in 40% of the
Figure 7 Activation of the posterior LA during atrial pacing across (Panel A) a superior gap in the HIFU ablation line (black line) and
(Panel B) a mid-inferior gap.
Figure 8 Pacing in the posterior LA using a circular mapping catheter captured the local atrial myocardium with exit block to the rest of
the atrium.
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atypical in 6 patients (40%) and typical in one patient.14 Scho-
pka and colleagues reported the safety and efﬁcacy of the pro-
cedure in 110 patients with AF and concomitant open heart
surgery. At 6 months, 62% of patients presented with sinus
rhythm with no signiﬁcant change at 12 months. Type of AF
(paroxysmal vs. persistent vs. long standing persistent) and a
LA diameter > 50 mm were predictors of failure of AF abla-
tion.9 Recently, Davies et al., reported the results of 110
patients who underwent Epicor HIFU ablation for AF either
as a stand-alone surgery or with concomitant open heart sur-
gery. Forty-nine percent of their patients remained in sinus
rhythm at 18 months of follow up. Again, the type of AF,
LA diameter and the body mass index determined the long-
term outcome.10
To our knowledge, the electrophysiologic and electroan-
atomic properties of left atrial arrhythmias following this
procedure have not yet been reported. Here, we report two
cases of atypical left atrial ﬂutter following attempted en-block
isolation of the posterior left atrium and pulmonary veins
using a commercially available HIFU device. Both cases
demonstrated entry and exit sites to the partially excluded
posterior left atrium near the LSPV and near the RIPV.
In case 1, atrial ﬂutter was clearly demonstrated to be med-
iated by entry into and exit from the partially isolated poster-
ior LA with conduction delay across at least one of the
connections. The exit site was near the LSPV and the entrance
site was near the RIPV as demonstrated by activation and
entrainment mapping. In case 2, the tachycardia was termi-
nated during transseptal puncture and could not be reinitiated,
limiting activation mapping. Nonetheless, the gaps identiﬁed
in the posterior left atrium were the most likely substrate for
the ﬂutter circuit. The multipolar catheter in the CS demon-
strated activation spreading radially from the mid-inferior left
atrium and the response to entrainment from the earliest site in
the CS during atrial ﬂutter suggested the close participation of
this site in the tachycardia. The ﬂutter circuit was most likely
entering the posterior wall from the superior gap and exiting
from the inferior gap.
In both cases, electrophysiologic study strongly suggested
reentry through gaps in the ablation line. This is consistent
with data published previously conﬁrming the absence of iso-
lation of PVs after Epicor HIFU on a predischarge EP study.15
Entry and exit sites were mapped to the right infero-posterior
and the left antero-superior regions of the left atrium, with
propagation through the segment thought to be electrically
isolated at the time of the procedure. It is possible that this
reﬂects difﬁculty in achieving proper contact between the
HIFU device and the posterior left atrial wall at these speciﬁc
sites leading to suboptimal energy delivery and thus persistence
of conduction, creating gaps in the ablation line.
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